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[1] A record of the downcore distribution of chlorin steryl esters (CSEs) through the Younger Dryas was
produced from Cariaco Basin sediments in order to assess the potential use of CSEs as recorders of the
structure of phytoplankton communities through time. Using an improved high-performance liquid
chromatography method for the separation of CSEs, we find significant changes in the distribution of
CSEs during the Younger Dryas in the Cariaco Basin. During the Younger Dryas, enhanced upwelling in
the Cariaco Basin caused an increase in the diatom population and therefore an increase in the relative
abundance of CSEs derived from diatoms. In contrast, the dinoflagellate population, and therefore CSEs
derived from dinoflagellates, decreased in response to the climate change during the Younger Dryas.
These community shifts agree well with the shifts observed in the present day on a seasonal basis that
result from the north-south migration of the Intertropical Convergence Zone over the Cariaco Basin. We
also identify changes in the abundance of several CSEs that seem to reflect rapid warming and cooling
events. This study suggests that CSEs are useful proxies for reconstructing phytoplankton communities
and paleoenvironments. INDEX TERMS: 1055 Geochemistry: Organic geochemistry; 4267 Oceanography: General:
Paleoceanography; 4855 Oceanography: Biological and Chemical: Plankton; KEYWORDS: Younger Dryas, Cariaco Basin, chlorin
steryl esters
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during the Younger Dryas cold event using chlorin steryl esters, Paleoceanography, 19, PA1006, doi:10.1029/2003PA000907.
1. Introduction
[2] Chlorin steryl esters (CSEs) (Figure 1) consist of
pyropheophorbide-a (a chlorophyll-a degradation product)
and various sterols [e.g., King and Repeta, 1991]. Chloro-
phyll-a is the major photosynthetic pigment of all oxygenic
photoautotrophs and can be used as a biomarker for
phytoplankton-derived organic matter in sediments. Chlo-
rophyll-a is rapidly degraded in the water column during
zooplankton ingestion. One of the major degradation
products is pyropheophorbide-a. Because chlorophyll-a
degrades so rapidly and cannot be uniquely linked to a
single class of phytoplankton, it cannot be used to track
changes in the composition of the phytoplankton commu-
nity through time.
[3] Sterols are a subset of the lipid class that has been
well studied due to their ubiquity in algae and hetero-
trophs. Sterols that are geochemically important bio-
markers have 27–30 carbon atoms and consist of a four-
ring system onto which a variety of side chains are
attached. The side chains, or R groups, attached to the
ring structures allow for a wide range of sterol structures
(Figure 2). Sterols have been utilized extensively because
they exhibit the traits of good biomarkers: they are
relatively refractory in the water column, and they can
be traced back to known biological precursors [e.g.,
Volkman, 1986; Volkman et al., 1993; Meyers, 1997;
Volkman et al., 1998]. The main issue confronting the
use of sterols as biomarkers, however, is that sterols
degrade at different rates. More specifically, 4-methyl
sterols, found mainly in dinoflagellates [Volkman et al.,
1998], exhibit enhanced preservation relative to 4-desmethyl
sterols [Gagosian et al., 1980; Wolff et al., 1986; Harvey et
al., 1989]. The free sterol distribution could therefore
overestimate the dinoflagellate constituent of the phyto-
plankton community [e.g., Pearce et al., 1998]. Further-
more, the ability to reconstruct the relative abundances of
different phytoplankton classes could be affected by the
amount of diagenesis that has taken place in the sediments.
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While this problem may not be significant in recent sedi-
ments, it could become more significant in sediments
heavily affected by diagenesis.
1.1. Formation of CSES in the Marine Environment
[4] Recent studies of zooplankton grazing and senes-
cence-induced changes [Harradine et al., 1996; King and
Wakeham, 1996; Talbot et al., 1999a, 1999b, 2000] have
confirmed the finding of King and Repeta [1991, 1994] that
CSEs are formed during zooplankton herbivory when the
sterols produced by phytoplankton become esterified to
pyropheophorbide-a, a chlorin. Several studies suggest that
the conversion of sterols to CSEs occurs nonselectively
during the grazing process [King and Repeta, 1991;
Harradine et al., 1996; Talbot et al., 1999a]. That is, the
structure of a sterol does not affect whether or not it
esterifies to the pyropheophorbide-a molecule. Thus the
distribution of CSE sterols reflects the sterols in algae
that are grazed by herbivorous zooplankton and therefore
the distribution of different classes (e.g., diatoms, dinoflag-
ellates, red algae, etc.) of phytoplankton in the water
column [e.g., Pearce et al., 1998].
[5] After their formation in the water column, CSEs and
other chlorins arrive at the seafloor via fecal pellets [King,
1993; Talbot et al., 1999a]. Within sediments, CSEs exhibit
enhanced preservation relative to both other chlorins [Talbot
et al., 1999a, and references therein] and free sterols [King
and Repeta, 1991, 1994; Talbot et al., 2000]. The enhanced
preservation of CSE sterols relative to free sterols has been
inferred from stanol/stenol ratios of the two groups of
compounds [King and Repeta, 1991, 1994; Pearce et al.,
1998], which provide an estimate of the amount of degra-
dation each type of compound has experienced [Wakeham,
1989]. CSE sterols have a low stanol/stenol ratio relative to
free sterols, which indicates that they are less affected by
microbial degradation [King and Repeta, 1991, 1994;
Pearce et al., 1998]. While several studies have now noted
the enhanced preservation of CSE sterols relative to free
sterols, a definitive mechanism for this phenomenon has not
yet been demonstrated. As a result of their enhanced
preservation, the distribution of CSE sterols in sediments
reflects the distribution of water column sterols more
closely than the sedimentary free sterol distribution does
[King and Repeta, 1991, 1994; Pearce et al., 1998].
Although CSEs do degrade once they reach the seafloor,
the best available evidence suggests that the distribution of
esterified sterols does not change during degradation; that
is, there is no preferential degradation of a given CSE
[Talbot et al., 2000].
[6] CSEs exhibit the structural diversity of water column
sterols while circumventing the problem of differential
degradation that affects free sterol distributions. This feature
of CSEs has prompted many to suggest that sedimentary
CSEs could record the structure of phytoplankton commu-
nities through time [King and Repeta, 1994; Harradine et
al., 1996; Pearce et al., 1998; Talbot et al., 1999a].
However, only one study to date [King and Repeta, 1994]
has made correlations between community structure and
CSE sterol distributions. Our study evaluates the potential
Figure 1. Structure of pyropheophorbide-a cholesteryl
ester, a typical chlorin steryl ester.
Figure 2. Sterol structures. R refers to the attachment
point between the tetracyclic structure and the carbon
chain.
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of CSE sterols as proxies for the phytoplankton community
through time. In order to assess this possibility, we exam-
ined Younger Dryas-aged sediments from the Cariaco
Basin, Venezuela.
1.2. Cariaco Basin: Setting and Background
[7] The Cariaco Basin is a small, anoxic, marine basin off
the coast of Venezuela in the southern Caribbean Sea
(Figure 3). Shallow (<146 m) sills separate the basin from
the rest of the Caribbean Sea. The sills restrict flow to and
from the basin and prevent oxygenation of deeper waters.
Consequently, the basin has been anoxic below 300 m for
the past 12.6 kyr (14C age; Peterson et al. [1991]). Owing to
its latitude, the Cariaco Basin is subject to seasonal [Peterson
et al., 1991] and long-term [e.g., Black et al., 1999; Haug et
al., 2001] fluctuations in the Intertropical Convergence
Zone (ITCZ). During the Northern Hemisphere winter the
ITCZ is at its farthest latitude south. Trade winds blow along
the northern coast of South America, inducing upwelling
and, subsequently, high production [Muller-Karger et al.,
2001]. During this upwelling season, diatoms dominate
the phytoplankton community [de Miro, 1971; Ferraz-
Reyes, 1983]. The ITCZ migrates northward during the
Northern Hemisphere summer, causing trade winds and
upwelling in the basin to diminish. Primary production
during the nonupwelling season is lower [Muller-Karger
et al., 2001] and dominated by cyanobacteria and dino-
flagellates [Ferraz-Reyes, 1983]. Sediments in the basin
exhibit seasonal laminae, which are indicative of the basin’s
high sediment preservation potential. Furthermore, the lack
of significant bioturbation and high deposition rates (20–
100 cm/kyr; Peterson et al. [1991]) make the Cariaco Basin
an ideal site for paleoceanographic reconstructions [Lin et
al., 1997].
[8] Much like the seasonal migrations of the ITCZ,
longer-term (i.e., millennial-scale and longer) changes in
trade wind strength cause changes in primary productivity
and, most likely, phytoplankton community structure in the
Cariaco Basin [Haug et al., 1998]. The Younger Dryas is
the most thoroughly researched millennial-scale climate
event. Its timing is well constrained by radiocarbon dates
from the varved sediments of the Cariaco Basin [Hughen et
al., 1996, 1998, 2000]. The Younger Dryas began about
13 kyr (calendar age) BP and lasted roughly 1300 years. It
has been proposed that the Younger Dryas occurred as a
result of a shutdown of North Atlantic Deep Water
(NADW) formation [Broecker et al., 1985; Boyle and
Keigwin, 1987; Broecker et al., 1988]. Such a change in
thermohaline circulation would have caused changes in the
meridional sea-surface temperature gradient and therefore
the strength of trade winds and subsequent upwelling over
the Cariaco Basin [Hughen et al., 1996, and references
therein]. Strengthening of the trade winds has been invoked
as a mechanism to explain lithologic, climatologic, and
faunal evidence from Younger Dryas-aged sediments from
the basin [Hughen et al., 1996; Lin et al., 1997; Lea et al.,
2003].
[9] At the onset of the Younger Dryas, increases in trade
wind intensity, and therefore upwelling, in the basin would
have increased the concentration of nutrients in surface
Figure 3. Location and bathymetry of the Cariaco Basin. The location of core 56-PC is shown as
a black dot. Arrows indicate sills that control exchange with the Caribbean Sea. (Figure provided by
K. Hughen.)
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waters. Under these high nutrient conditions, diatoms likely
became the dominant primary producers [Schrader et al.,
1993]. Easing of the trade winds at the Younger Dryas
termination should have shifted the dominant primary
producers to cyanobacteria and dinoflagellates, as is ob-
served during present-day Northern Hemisphere summer
[Ferraz-Reyes, 1983]. If CSE sterols do indeed accurately
reflect the phytoplankton community at the time of forma-
tion, then the assemblage of CSE sterols should undergo
major changes at the onset and termination of the Younger
Dryas in the Cariaco Basin. More specifically, we expected
that the distribution should reflect an increase in the diatom
population and a decrease in the dinoflagellate population
during the Younger Dryas. As cyanobacteria do not produce
large amounts of sterols, CSEs are unlikely to yield infor-
mation regarding the abundance of this class of phytoplank-
ton through time.
[10] Werne et al. [2000] performed a study of the distri-
bution of free sedimentary sterols and a C37 alkenone in the
Cariaco Basin during the Younger Dryas. These authors
concluded that diatoms were the dominant primary pro-
ducers during the Younger Dryas, while alkenone-produc-
ing coccolithophorids dominated during warm periods, such
as the Holocene. While these shifts do exhibit the trends that
one would expect, there are several uncertainties with this
type of analysis. First, it has been widely noted that free
sterols are more susceptible to selective degradation than are
CSE sterols [King and Repeta, 1991, 1994; Talbot et al.,
1999a, 2000]. Second, although sterols and alkenones are
both relatively refractory compound classes, it is expected
that one class of lipids would undergo preferential degra-
dation relative to the other [e.g., Wakeham et al., 1997]. In
contrast, CSEs all belong to the same class of compounds
and therefore do not preferentially degrade relative to one
another [Talbot et al., 2000]. Because the Cariaco Basin
is largely anoxic, it is unlikely that free sterol degradation
and preferential degradation of one compound class over
another will have a great effect on the accuracy of downcore
records [Wakeham and Ertel, 1988]. In fact, Werne et al.
[2000] noted that the highest accumulation rates of sterols
(which are labile relative to alkenones) were found in the
deepest sediment layers that they studied, which indicates
that differential degradation is not a significant factor in the
Cariaco Basin. Given the robustness of the free sterol record
from the Cariaco Basin, the findings of Werne et al. [2000]
provided an ideal backdrop for testing the potential of CSEs
as proxies for phytoplankton community reconstructions.
2. Methods
2.1. Extraction and Isolation of CSES
[11] Core-top sediments were obtained from a box core
taken from the center of the western basin of the Cariaco
Trench (1040N, 65360W, 700 m water depth) by the R/V
Iselin [Wakeham and Ertel, 1988]. Pigments were extracted
ultrasonically from 300 g of wet sediment with acetone
(3x, 400 mL each) followed by methylene choloride (3x,
400 mL each).
[12] Chlorin steryl esters were purified from the bulk
extract using a combination of solid-phase extraction and
reverse-phase high performance liquid chromatography
(RP-HPLC). Solid-phase extraction was performed by pack-
ing a 6 cm diameter glass column with 75 g octadecylsilane
(J.T. Baker, 40–140 mesh size) and eluting the pigments in
several fractions, which were then further purified by RP-
HPLC prior to structural identification. CSEs were purified
on two Nucleosil C18 columns (Alltech, 3mm, 150  4 mm)
connected in series. The CSEs were eluted isocratically with
25/75 (v/v) methylene chloride/acetonitrile at 1.5 mL/min
and detected at 410 and 666 nm. In method development
experiments this solvent composition provided an optimal
separation of seventeen individual CSEs, which eluted
between 25 and 65 min in our samples (Figure 4). Individ-
ual CSE peaks were collected manually as they eluted from
the columns.
[13] Downcore samples are from piston core PL07-56PC
in the Cariaco Basin [Hughen et al., 1998]. This core was
retrieved at 1040.600N, 6457.700W from 810 m water
depth and has a sedimentation rate of 50 cm/kyr. Samples
(0.3 grams dry weight (gdw)) were taken every 10 cm from
300–800 cm across the Younger Dryas as determined from
previous work [Hughen et al., 1998]. The samples were
freeze-dried overnight and extracted using automated sol-
vent extraction (ASE) (100% methylene chloride, 1000 psi,
100C). Total chlorins were quantified at 666 nm using UV/
Vis spectrophotometry assuming an extinction coefficient of
5  104 L mol1 cm1.
2.2. Sterol Identification
[14] CSE sterols were structurally identified for the bulk
core-top sediment extraction using a combination of liquid
chromatography-mass spectrometry (LC-MS) and Gas chro-
matography- mass spectrometry (GC-MS). LC-MS was
performed on the individually collected CSEs from the
core-top sediments in order to determine the molecular
weight of the each CSE. The same columns and conditions
Figure 4. High-performance liquid chromatogram of the
CSEs in a typical Cariaco Basin sample, showing the
numbering scheme used in this study. Seventeen CSEs
eluted between 25 and 65 min (refer to text for specific
conditions). See Table 1 for CSE sterol identifications.
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were used for the LC-MS as described above for RP-HPLC.
The instrument used was a Shimadzu HPLC fitted to a
Finnegan MAT LCQ operated in the positive ion mode and
using atmospheric pressure electrospray ionizaton.
[15] Individual CSEs, collected from core-top sediments
by RP-HPLC, were then hydrolyzed to liberate the CSE
sterols. GC-MS was then performed on the individual CSE
sterols in order to determine the structure (and therefore the
identity) of each sterol. We apply these identifications to our
downcore record, assuming that the sterols present in the
core-top sample will be present downcore. Given the
uniformity of RP-HPLC retention times in our downcore
record, this is assumption is likely a good one.
[16] For cases in which the identity of a sterol was
uncertain despite LC-MS and GC-MS, we have made
certain assumptions in order to make the identifications
listed in Table 1. CSEs 2 and 4 have the same molecular
weight. GC-MS of CSE sterol 4 enabled us to identify it as
cholesta-5,22E-dien-3b-ol. Results from GC-MS of the total
CSE sterol fraction revealed that the only other CSE sterol
present in our samples with the same molecular weight was
27-nor-24-methylcholesta-5,22E-dien-3b-ol. This is there-
Table 1. Identification of CSE Sterolsa
Peak CSE Sterol Structureb Precursor MW Basisc Reference
1 24-norcholesta-5,22E-dien-3b-ol (2B) dinoflagellates 887 G,L Goad and Withers [1982]
Leblond and Chapman [2002]
2 27-nor-24-methylcholesta-5,22E-dien-3b-ol (2I) dinoflagellates 901 L Goad and Withers [1982]
Mansour et al. [1999]
3 24-methylcholesta-5,24(28)-dien-3b-ol (2F) diatoms 915 L Barrett et al. [1995,
and references therein]
Volkman et al. [1998]
4 cholesta-5,22E-dien-3b-ol (2B) diatoms, red algaed 901 G,L Barrett et al. [1995]
Ve´ron et al. [1998]
Volkman et al. [1998]
5 24-methylene-cholest-5-en-3b-ol (2F) many 915 L Goad [1978,
and references therein]
6 24-methylcholesta-5,22E-dien-3b-ol (2D) diatoms, chryptophytes, coccolithophorids 915 G, L Volkman et al. [1998]
Leblond and Chapman [2002]
7 cholest-5-en-3b-ol (2A) zooplankton, phytoplankton 903 G,L Volkman [1986]
8 23,24-dimethylcholesta-5,22E-dien-3b-ol (2J) diatoms, dinoflagellates 929 L Volkman et al. [1993]
Leblond and Chapman [2002]
24-ethylcholesta-5,22E-dien-3b-ol (2G) haptophytes, green and golden algae Volkman et al. [1998]
diatoms Ve´ron et al. [1998]
24-ethylcholesta-5,24(28)E-dien-3b-ol (2K) haptophytes, prasinophytes Volkman et al. [1994]
9 24-methylcholest-5-en-3b-ol (2C) green algae 917 G,L Volkman [1986]
Ve´ron et al. [1998]
10 24-ethylcholest-7-en-3b-ol (2aH) 931 L
24-ethylcholest-22-en-3b-ol (1G)
23,24-dimethylcholest-5-en-3b-ol (2K) green algae, prasinophytes Volkman et al. [1998]
diatoms Ve´ron et al. [1998]
dinoflagellates Volkman et al. [1984]
Goad and Withers [1982]
23,24-dimethylcholest-22-en-3b-ol (1J) green algae, prasinophytes Volkman et al. [1998]
11 24-ethylcholest-5-en-3b-ol (2H) many 931 G,L Volkman et al. [1998]
12 24-ethylcholest-7-en-3b-ol (2aH) 931 L
24-ethylcholest-22-en-3b-ol (1G)
23,24-dimethylcholest-5-en-3b-ol (2K) green algae, prasinophytes Volkman et al. [1998]
diatoms Ve´ron et al. [1998]
dinoflagellates Volkman et al. [1984]
Goad and Withers [1982]
23,24-dimethylcholesta-22-en-3b-ol (1J) green algae, prasinophytes Volkman et al. [1998]
13 4a,23,24-trimethylcholest-22E-en-3b-ol (3J) dinoflagellates 945 L Withers [1987]
4a,23,24-trimethylcholest-N-3b-ole dinoflagellates Volkman et al. [1998]
14 4a,23,24-trimethylcholest-22E-en-3b-ol (3J) dinoflagellates 945 L Withers [1987]
4a,23,24-trimethylcholest-N-3b-old dinoflagellates Volkman et al. [1998]
15 23,24-dimethyl-5a(H)-cholestan-3b-ol (1L) dinoflagellates 933 L Volkman et al. [1998]
4a,24-dimethyl-5a-cholestan-3b-ol (3C) dinoflagellates Robinson et al. [1984]
Withers [1987,
and references therein]
16 4a,23,24-trimethyl-5a-cholestan-3b-ol (3L) dinoflagellates 947 L Talbot et al. [2000]
Leblond and Chapman [2002]
17 unknown ND
aSterol identifications for peaks shown in Figure 4. For peaks with uncertain sterol identities, all possible sterol identities, on the basis of molecular
weight, are listed. These CSE sterols have not been firmly identified.
bStructure numbers refer to Figure 2.
cBasis refers to the methods used to identify the CSE sterol. L, LC-MS; G, GC-MS.
dThe red algae that produce this sterol are generally not found in seawater [Volkman, 1986].
eN indicates that the position of the double bond is unknown.
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fore our identification of CSE sterol 2. This identification is
consistent with the elution order of the CSEs during RP-
HPLC. The identifications of CSEs 3 and 5 are based on
their relative abundances in seawater. 24-methylcholesta-
5,24(28)-dien-3b-ol is more abundant in seawater than 24-
methylenecholest-5-en-3b-ol [Volkman, 1986]. By analogy
with their relative peak areas, we have identified CSE
sterols 3 and 5 as indicated in Table 1.
2.3. Data Analysis
[17] In order to determine the distribution of CSEs in
each downcore sample, the area of each CSE peak in each
chromatogram was determined using the HP Chemstation
software’s data analysis program. The areas were deter-
mined as follows: A baseline was drawn between the
beginning of CSE 1 and the end of CSE 15. Vertical lines
were then drawn between each of the peaks, using the
lowest point of the valley between peaks when obvious,
and the area was calculated. For cases in which no distinct
minimum separated two CSEs this area of the two peaks
were combined. This was done throughout the downcore
record for peaks 1 and 2, peaks 3 and 4, and peaks 10
and 11. The downcore records of peaks 3 and 4 (as well as
10 and 11) are mirror images of one another, which is an
artifact of the integration rather than a true signal. The
resolvability of peaks 1 and 2 varied throughout the
record. Combining the peaks of two CSEs has implications
for the reconstruction of phytoplankton classes through
time in that if the combined peaks do not have the same
biological source, then the combined peak will be a
reflection of multiple classes of phytoplankton. As will
be shown in the ‘‘sterol identification’’ section of the
results, this does not pose a significant problem in the
interpretation of our record. Peaks 16 and 17 were not
included in the integration because the peak heights were
generally very low and the boundaries of the peaks were
not consistently defined. The area of each peak was then
divided by the total area of the CSEs in order to determine
changes in the distribution of the CSEs relative to one
another. The average error for two sets of integrations was
0.23 ± 0.095%.
[18] Principal component analysis was performed using
Matlab software. For this analysis, peaks 1 and 2 (hereafter
1 + 2), peaks 3 and 4 (3 + 4), and peaks 10 and 11 (10 + 11),
which were not well resolved, were combined so as to
prevent the introduction of erroneous changes in the distri-
bution of the CSEs with depth. Elemental CHN analysis
was performed on ten samples throughout the core to
determine changes in the organic carbon content of these
sediments through the Younger Dryas. These analyses were
performed using a Carlo Erba Elemental Analyzer (model
1108).
3. Results
3.1. Bulk Parameters
[19] Stadial events, such as the Last Glacial Maximum
(LGM) and the Younger Dryas, are characterized by
relatively low percentages of organic carbon in comparison
to interstadial events (Figure 5b). The lowest organic
carbon contents (<2%) occurred during the LGM. The
organic carbon content rose to 4–5% during the Bølling/
Allerød warm period then dropped again to 2.5% during
the Younger Dryas. At the Younger Dryas termination the
organic carbon content rose once again to 4–5%. These
results are in good agreement with higher resolution data
from a neighboring piston core, PL07-39PC (K. Hughen,
personal communication, 2001). The shifts toward a lower
percent organic carbon during stadials reflect a dilution of
the organic carbon signal rather than a decrease in the
preservation of organic carbon. During the Younger Dryas,
increased productivity drove a roughly 3-fold increase in
the bulk sedimentation rate [Hughen et al., 1996]. The
increased sedimentation of biogenic debris (i.e., diatom
and foraminifera tests) during the Younger Dryas therefore
diluted the organic carbon reaching the sediments. It
should be noted, however, that the accumulation rate of
organic carbon was elevated during the Younger Dryas
relative to the Bølling/Allerød and Preboreal periods
[Werne et al., 2000] due to a decrease in the oxygen
content of the water column [Dean et al., 1999; Lyons et
al., 2003].
[20] Increased primary productivity during the Younger
Dryas is also reflected in the gray scale record of this core,
previously published by Hughen et al. [1996] (Figure 5a).
Gray scale is a measure of the reflectivity of sediment.
In the Cariaco Basin, gray scale is determined primarily
by the relative inputs of terrestrial (dark) and biogenic
(light) material and can therefore be used as a proxy for
primary productivity. During the Younger Dryas the
increase in sedimentation of biogenic material relative to
Figure 5. (a) Gray scale, (b) percent organic carbon,
(c) total CSE area per gdw (arbitrary units), and (d) total
chlorins versus depth. The Younger Dryas period is denoted
by the shaded bar. PB, YD, and BA refer to the Preboreal,
Younger Dryas, and Bølling/Allerød periods, respectively.
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terrestrial material caused a decrease in the gray scale of the
sediments.
[21] The concentration of total chlorins in the Cariaco
Basin through time varies from nondetectable to 448 mg/gdw
with an average value of 72 mg/gdw (Figure 5d). The ratio of
chlorin concentration to percent organic carbon varies
through time as well, which suggests that either there
are different mechanisms controlling the preservation of
chlorins and organic carbon in sediments or the contribution
of CSEs to the total organic carbon pool varies through
time. The total CSE area, defined as the integrated area
under all of the CSE peaks in a given HPLC chromatogram,
corresponds well to total chlorin concentration, determined
by the absorbance at 666 nm, through time (Figure 5c).
3.2. CSE Fraction
[22] The CSE fraction is composed of at least 17 distinct
CSEs (Figure 4), all of which have pyropheophorbide-a as
the chlorin component. We did not find any CSEs with
pyropheophorbide-b (CSEs b) as the chlorin component in
our samples. As shown by Talbot et al. [1999b], sterols are
incorporated into CSEs of pyropheophorbide-a and pyro-
pheophorbide-b in equal proportions. The pigment precur-
sor to pyropheophorbide-b (chlorophyll-b) is much less
abundant in algae than the precursor to pyropheophorbide-
a [e.g., Svec, 1991]. The concentrations of CSEs b are
therefore generally lower than those of CSEs a, which have
pyropheophorbide-a as their chlorin [Gall et al., 1998;
Kowalweska et al., 1999; Tani et al., 2002].
[23] The HPLC chromatogram shown in Figure 4 is
typical of CSE distributions in core-top and downcore
sample extracts. The largest peaks in each chromatogram
are 3 + 4, 6, 7, 9, and 10 + 11. These CSEs, on average,
constitute roughly 80% of the total CSEs. The remaining 12
CSE peaks are consistently smaller than those mentioned
above and collectively constitute 20% of the total CSE
area.
3.3. Sterol Identification
[24] LC-MS data enabled us to identify the molecular
weights of each CSE (Table 1). The molecular weights of
the CSEs (i.e., the combined weight of the chlorin and the
sterol of a given CSE) range from 887 to 947 Daltons and
generally increase with retention time. These molecular
weights correspond to sterols with carbon numbers of
26–30 and molecular weights of 352–412 Daltons. In
general, the diunsaturated 5,24(28) sterols eluted before
5,22 sterols, and monounsaturated 5-stenols eluted after
diunsaturated 5,24(28) and 5,22 sterols. Sterol identifica-
tions, made via a combination of LC-MS, GC-MS of
individual CSE sterols, and GC-MS of a total CSE sterols
sample, are shown in Table 1.
[25] In many cases the molecular weight alone is enough
to make a definitive identification of the CSE sterol.
Identifications based solely on LC-MS become problematic,
however, given that several sterols can have the same
molecular weight if they differ in structure simply by the
position of a double bond. Because GC-MS was performed
on just the CSE sterols, we were able to clarify many of the
ambiguous LC-MS data. The combination of LC-MS and
GC-MS allowed us to identify 10 out of the 17 CSEs.
[26] Our sterol identifications provide further justifica-
tion for combining the peaks for CSEs 1 + 2 and CSEs
3 + 4. As shown in Table 1, CSE sterols 1 and 2 are both
derived from dinoflagellates while CSE sterols 3 and 4 are
both derived from diatoms. CSEs 10 and 11 are not
derived from the same phytoplankton class; we therefore
do not interpret CSEs 10 + 11 as a reflection of a given
phytoplankton class.
3.4. Downcore CSE Records
[27] As shown in Figure 6, the relative percent of some
CSEs varies very little (e.g., CSE 13, which varies between
2 and 3%) while the relative percent of others varies quite
dramatically downcore (e.g., CSE 7, which varies between
12 and 24%). It is clear that the distribution of some CSEs
changes through time and that these changes are often
synchronous with changes in the climate of the Cariaco
Basin (Figure 6).
[28] Five CSE peaks that vary significantly downcore,
along with variations in gray scale from the same core, are
shown in Figure 7. As mentioned above, gray scale can be
used as a proxy for primary productivity in the Cariaco
Basin. The gray scale record from this core correlates very
well with the accumulation rate of the GISP2 ice core from
central Greenland, which has been interpreted as a proxy for
North Atlantic sea- surface temperature [Kapsner et al.,
1995; Hughen et al., 2000]. This correlation implies that
gray scale in the Cariaco Basin is a reflection of climate. We
use gray scale here primarily as a reference for the rapid
transitions into and out of the Younger Dryas. On the basis
of our sterol identifications we can draw several conclusions
about the nature of the phytoplankton community during the
Younger Dryas in the Cariaco Basin.
[29] CSEs 1 + 2 decrease in abundance during the
Younger Dryas (Figure 7a). The mean abundance of CSEs
1 + 2 during the Younger Dryas is significantly different
from the mean abundance during the Bølling/Allerød and
Preboreal periods at the 99% confidence level, as deter-
mined by a t test for two sample populations. Furthermore,
CSEs 1 + 2 may reflect some of the centennial-scale
variability during the Bølling/Allerød that can be seen
clearly in the pattern of gray scale. CSE sterols 1 and 2
(24-nor-cholesta-5,22E-dien-3b-ol and 27-nor-24-methyl-
cholesta-5,22E-dien-3b-ol, respectively) are produced by
dinoflagellates [Goad and Withers, 1982; Mansour et al.,
1999; Leblond and Chapman, 2002]. We can therefore infer
from Figure 7a that the relative abundance of dinoflagellates
in the Cariaco Basin is high during warm weak trade wind
intervals and low during cold increased trade wind intervals
such as the Younger Dryas. The decrease is gradual over the
Bølling/Allerød-Younger Dryas transition. At the Younger
Dryas-Preboreal transition, however, CSEs 1 + 2 increase
very rapidly. The downcore relationship between CSEs 1 +
2 and gray scale is consistent with the observation that the
dinoflagellate population increases during the nonupwelling
(lower productivity) season in the Cariaco Basin today
[Peterson et al., 1991].
[30] Figure 7b shows the distribution of CSEs 3 + 4
through the Younger Dryas. The sterols of CSE 3
(24-methylcholesta-5,24(28)-dien-3b-ol) and CSE 4 (cho-
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lesta-5,22E-dien-3b-ol) are both abundant in diatoms [e.g.,
Barrett et al., 1995; Ve´ron et al., 1998; Volkman et al.,
1998]. CSEs 3 + 4 increased in abundance during the
Younger Dryas and decreased during the Preboreal period.
The increase in abundance at the onset of the Younger
Dryas was very rapid, while the decrease coming out of the
Younger Dryas lagged slightly behind that of the increase in
gray scale. The mean abundance of CSEs 3 + 4 during the
Younger Dryas is different from that of the Bølling/Allerød
and Preboreal periods at the 99% confidence level. This
downcore distribution suggests that the diatom population
of the Cariaco Basin increased during the Younger Dryas,
which was expected a priori, given that the increase in trade
wind intensity and upwelling during the Younger Dryas
would have favored the growth of diatoms just as it does
during the present-day upwelling season [Peterson et al.,
1991].
[31] CSE 6 shows an interesting pattern of high abun-
dance during the Bølling/Allerød and the first half of the
Younger Dryas followed by a rapid decrease about halfway
through the Younger Dryas (Figure 7c). The abundance
stays relatively low throughout the rest of the Younger
Dryas and the Preboreal period. CSE sterol 6 is 24-meth-
ylcholesta-5,22E-dien-3b-ol, a sterol that is found in many
types of phytoplankton including diatoms and coccolitho-
phorids [Volkman et al., 1998, and references therein].
Figure 6. Downcore changes in the relative percentage of each CSE relative to the total CSE area
through time. CSE numbers refer to the peaks in Figure 4. The Younger Dryas period is represented by
the shaded bar. BA and PB refer to the Bølling/Allerød and Preboreal periods, respectively.
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[32] The relative percentage of CSE 9 (24-methylcholest-
5-en-3b-ol), derived from green algae [Volkman, 1986],
generally increases from low during the Bølling/Allerød to
high during the Preboreal period (Figure 7e). Much of this
increase takes place during the second half of the Younger
Dryas. Interestingly, this trend is opposite that of CSE 6,
which shows a decrease in abundance in the middle of
the Younger Dryas. CSE 9 also undergoes major changes
in relative abundance at each climate transition. During
transitions into interstadials (stadials) the relative percent of
CSE 9 increases (decreases). While higher-resolution data
is needed, this relationship appears to hold true for the
centennial-scale variability exhibited in the gray scale
record during the Bølling/Allerød.
[33] CSEs 8 and 15 remain unidentified. It is evident
from their downcore trends, however, that they may be
useful climate proxies (Figures 7d and 7f). CSE 8, which
could originate from a number of different classes of
phytoplankton, including dinoflagellates and diatoms,
exhibits a rapid decrease in abundance at the onset of
the Younger Dryas but does not respond rapidly to the
warming at the end of the Younger Dryas. This CSE might
therefore be a useful indicator of rapid cooling and/or
increased upwelling events. Although CSE 15 has also not
been identified, all of the sterols that are consistent with its
molecular weight are dinoflagellate sterols (Table 1). CSE
15 (as well as CSEs 12 and 14, Figure 6) responds rapidly
to warming events or decreases in upwelling intensity but
does not appear to respond to cool increased upwelling
events such as the Younger Dryas. Shifts in the abundance
of these CSEs take place not only at rapid climate
transitions (e.g., the Bølling/Allerød-Younger Dryas tran-
sition) but also within ‘‘stable’’ climate regimes (e.g., the
rapid decrease in the abundance of CSE 15 during the
Bølling/Allerød). Thus the biological sources of CSEs
8 and 15 are responding to changes in the environment
of the Cariaco Basin that are not reflected in the gray scale
record. Identification and downcore analysis of these CSE
sterols would therefore allow for reconstruction of specific
aspects of the paleoenvironment that cannot be inferred
from gray scale changes. In addition, the downcore records
of CSEs 1 + 2 and CSE 15 are markedly different from
one another despite the fact that each of these CSEs
originates from dinoflagellates. That different sterols, each
presumably being produced by different species of dino-
flagellates, can exhibit independent trends suggests that the
Figure 7. Changes in the relative percentage of different CSEs (black) and gray scale (gray) in core
PL07-56PC. (a) CSEs 1 + 2, (b) CSEs 3 + 4, (c) CSE 6, (d) CSE 8, (e) CSE 9, and (f ) CSE 15.
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suite of CSEs can offer a very in-depth detailed view of
paleoenvironments.
3.5. Principal Component Analysis
[34] Principal component analysis of the downcore CSEs
demonstrated that 94% of the total variance in the data set
could be explained by four principal components (PCs).
These four PCs are shown plotted against age in Figure 8.
PC1, which explains 46.1% of the variance, becomes more
negative during the Younger Dryas. This reflects a greater
influence of CSEs 3 + 4 (diatoms) and 7 (many sources)
during this time. Positive values of PC1, such as those that
occur during the Bølling/Allerød and Preboreal periods,
reflect a greater influence of CSEs 6 and 10 + 11, both of
which come from a number of different phytoplankton
sources. PC2, explaining 18.8% of the variance, shows a
generally decreasing trend from the Bølling-Allerød to the
Preboreal period. This decrease represents a trend from a
greater influence of CSEs 3 + 4 (diatoms), 6, and 7 (many
sources) to a greater influence of CSE 9 (green algae). PC3,
which explains 18.6% of the variance, becomes more
positive at the onset of the Bølling-Allerød, which reflects
an increase in the influence of CSEs 6 and 7 (many sources)
and a decrease in the influence of CSEs 3 + 4 (diatoms) and
9 (green algae). PC4 explains 10.6% of the variance and has
very positive values during the Younger Dryas. These
positive values reflect an increased influence of CSEs
10 + 11 and 7 (many sources) and a decreased influence
of CSEs 1 + 2 (dinoflagellates) and 5 (diatoms). The results
of the PCA therefore support the results of the downcore
distribution trends. The increased influence of diatom CSEs
and the decreased influence of dinoflagellate CSEs during
the Younger Dryas (Figure 8) support the trends seen in the
downcore CSE records. Furthermore, the trend toward a
greater influence of green algae is consistent with a gener-
alized warming and/or decreased upwelling in the Cariaco
Basin since the LGM.
4. Discussion
[35] The successful application of CSEs as biomarkers
requires the identification each CSE sterol as well as the
generation of accurate downcore records of the CSE distri-
bution. With respect to both of these requirements, the
results presented here represent an important step toward
successful reconstruction of phytoplankton communities.
One of the main benefits of our approach is that it can be
performed using relatively small (0.3 gdw) samples. In
addition, the analyses can be done very quickly using
automated RP-HPLC technology. In contrast, the use of
gas chromatography (GC) to do such work would require
larger samples and longer preparation time for several
reasons. Prior to GC analysis, CSEs would have to be
purified using RP-HPLC, yielding the same information
we have utilized for this study. Owing to their high
molecular weights, the CSEs would then need to be hydro-
lyzed in order to liberate the CSE sterols. Furthermore,
given the sensitivity of the GC-MS we have been using, we
estimate that we would need to start with double the amount
of sediment.
[36] In this study, we have doubled the previous number
of CSEs [King and Repeta, 1994] that can be separated by
optimizing the HPLC solvent composition and the columns.
By only resolving about half of the CSEs reported in this
study, earlier studies could not represent the full suite of
phytoplankton sterols. Furthermore, substantial coelution
prevented accurate determination of the relative contribu-
tion of each CSE. Our improved separation represents a
critical step toward accurate reconstruction of phytoplank-
ton communities through time. With further method devel-
opment and more complete CSE sterol identification, our
ability to reconstruct phytoplankton communities will
continue to improve.
[37] One limitation of using CSE sterols or free sterols as
indicators of phytoplankton communities is that most
sterols do not have a single biological precursor. For
example, 24-methylcholesta-5,22E-dien-3b-ol (CSE 6) has
been identified not only in diatoms, but also in haptophytes
and cryptophytes [Goad and Withers, 1982; Volkman, 1986;
Volkman et al., 1998]. Furthermore, the sterol composition
in a given class of phytoplankton can be diverse. As shown
by Volkman et al. [1998], while some diatoms contain an
abundance of 24-methylcholesta-5,24(28)-dien-3b-ol,
others have cholesterol as their major sterol. Still others
contain only cholesta-5,24-dien-3b-ol [Barrett et al., 1995],
which demonstrates there may not be a single definitive
sterol biomarker for diatoms. With further method develop-
ment and statistical analysis of trends within groups of
CSEs downcore, however, CSEs could be very powerful
biomarkers.
[38] There is evidence that zooplankton may preferentially
take up certain sterols during the CSE formation process. A
culture study by Talbot et al. [2000] showed that copepods
discriminated against 4-methyl sterols (predominantly from
Figure 8. Principal components 1–4 plotted through time.
the younger Dryas is defined by the shaded bar. BA and
PB refer to the Bølling/Allerød and Preboreal periods,
respectively.
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dinoflagellates) during CSE production. It has been observed
that the abundance of 4-methyl sterols is lower in CSE
sterols than in free sterols [King and Repeta, 1991; Eckardt
et al., 1992; King and Repeta, 1994; Pearce et al., 1998]. As
a result, it is possible that the distribution of CSEs will
underestimate the contribution of dinoflagellates to the
community of the overlying water column [Talbot et al.,
2000]. However, the discrimination against 4-methyl sterols
may depend upon the setting [Pearce et al., 1998]. Recon-
structions of the dinoflagellate population using free sterols
have the opposite problem: 4-methyl sterols are more
refractory than 4-desmethyl sterols, which could lead to an
overestimation of the dinoflagellate contribution to the
phytoplankton community. In this study, we have used
4-desmethyl sterols (24-norcholesta-5,22E-dien-3b-ol and
27-nor-24-methylcholesta-5,22E-dien-3b-ol, CSEs 1 + 2),
as opposed to the more traditional 4-methyl sterol, dinosterol,
as dinoflagellate indicators. Using these 4-desmethyl sterols,
we see evidence for changes in the dinoflagellate community
through time in the direction that we would expect. This may
be a potential solution to the problem of 4-methyl sterol
exclusion from CSE formation, although it is clear from a
comparison of CSEs 1 + 2 and CSE 15 that different
dinoflagellate biomarkers can yield different results.
[39] Our results are broadly consistent with paleoceano-
graphic studies of the Cariaco Basin during the Younger
Dryas. Peterson et al. [1991] showed that the relative
abundance of the planktonic foraminifer Globigerina
bulloides, which is commonly used as a proxy for upwelling
conditions [Duplessy et al., 1981; Ganssen and Sarnthein,
1983; Prell, 1984; Prell and Campo, 1986], was higher
during the Younger Dryas than during the Bølling/Allerød
and the Preboreal periods. Further evidence for increased
upwelling in the Cariaco Basin during the Younger Dryas
comes from oxygen isotopes of several taxa of planktonic
foraminifera [Lin et al., 1997]. Our finding of an increased
abundance of diatoms during the Younger Dryas is consist-
ent with an increase in upwelling in the basin.
[40] Werne et al. [2000] also demonstrated that diatoms
increased in abundance during the Younger Dryas through
the use of free sterols and other organic biomarkers. Similar
to our results for CSEs 6 and 9, Werne et al. [2000] found
that significant changes in the phytoplankton community
took place in the middle of the Younger Dryas. Werne et al.
[2000] observed a decrease in the diatom and dinoflagellate
populations during the Younger Dryas, while in this study
we find a decrease in the relative abundance of CSE 6,
which is derived from a variety of phytoplankton classes
including diatoms and coccolithophorids. While the specific
classes involved in this decrease may differ between this
study and that ofWerne et al. [2000], the biomarkers used in
both studies suggest that phytoplankton community recon-
structions potentially record changes in environmental con-
ditions that take place during periods of seemingly stable
climate. In contrast to our observations of a strong decrease
in the relative abundance of dinoflagellates during the
Younger Dryas, Werne et al. [2000] found relatively little
change in the dinoflagellate population through time. There
are several potential reasons why this discrepancy exists.
First, Werne et al. [2000] use dinosterol (4a,23,24-trime-
thylcholest-22E-en-3b-ol, CSE 13 or 14) as their sole
indicator of dinoflagellates, whereas we use a suite of
CSE sterols (1 + 2 and 15) as dinoflagellate indicators.
Given the fact that CSEs 1 + 2 and CSE 15 show such
different trends, it is apparent that using different dinofla-
gellate biomarkers can yield different results. Second, free
4-methyl sterols, such as dinosterol, are known to exhibit
enhanced preservation relative to free 4-desmethyl sterols
[Gagosian et al., 1980; Wolff et al., 1986; Harvey et al.,
1989]. Thus changes in the diagenetic conditions of the
water column or sediments could alter the abundance of
dinosterol relative to other sterols. Given the anoxic nature
of the Cariaco Basin, however, it is unlikely that this is the
reason for the discrepancy between the two records. In more
oxic settings this would become a more likely scenario.
[41] The differing approaches of this study and that of
Werne et al. [2000] each have their strengths. For example,
Werne et al. [2000] were able to detect large changes in
the coccolithophorid population by using an alkenone
biomarker for coccolithophorids and by assuming that
their sterol and alkenone biomarkers would not have
experienced differential degradation. Unfortunately, there
is no CSE sterol that uniquely corresponds to coccolitho-
phorids; therefore our study cannot yield information
regarding coccolithophorid populations. Through the use
of CSEs, however, we have been able to detect changes in
the green algae population; a phytoplankton class that was
not identified by Werne et al. [2000].
5. Conclusions
[42] In this study, we have examined the paleoceano-
graphic potential of chlorin steryl esters. We find that during
the Younger Dryas cold event in the Cariaco Basin, the
phytoplankton community shifted such that there were
fewer dinoflagellates and more diatoms than there were
during the Bølling/Allerød warm period. These shifts are
consistent with both the seasonal shifts in productivity in the
basin today and the hypothesis that trade wind-induced
upwelling in the Cariaco Basin increased during the Youn-
ger Dryas. The ability to detect these changes in the down-
core distribution of CSEs has been made possible via
optimization of the separation of CSEs using RP-HPLC.
These results represent an important step in the develop-
ment of CSEs as paleoenvironmental indicators. As we
continue to improve the separation as well as the identi-
fications of the CSE sterols, the nature of these downcore
distribution changes will become more salient and CSEs
may become more robust proxies for environmental con-
ditions through time.
[43] Acknowledgments. The authors would like to thank Sean Sylva
and Leah Houghton for assistance with sample analysis. Konrad Hughen
graciously provided samples from the Cariaco Basin. We would also like
to thank Julian Sachs for thoughtful discussions and encouragement.
The comments of John Volkman and two anonymous reviewers greatly
improved this manuscript. This work was supported by the Chemical
Oceanography Division of the National Science Foundation and a WHOI
Watson Fellowship (to KAD).
PA1006 DAHL ET AL.: PHYTOPLANKTON COMMUNITY RECONSTRUCTION
11 of 13
PA1006
References
Barrett, S. M., J. K. Volkman, G. A. Dunstan,
and J.-M. LeRoi (1995), Sterols of 14 species
of marine diatoms (Bacillariophyta), J. Phy-
col., 31, 360–369.
Black, D. E., L. C. Peterson, J. T. Overpeck,
A. Kaplan, M. N. Evans, and M. Kashgarian
(1999), Eight centuries of North Atlantic
Ocean atmosphere variability, Science, 286,
1709–1713.
Boyle, E. A., and L. D. Keigwin (1987), North
Atlantic thermohaline circulation during the
last 20,000 years linked to high latitude surface
temperature, Nature, 330, 35–40.
Broecker, W. S., D. Peteet, and D. Rind (1985),
Does the ocean-atmosphere system have more
than one stable mode of operation?, Nature,
315, 21–25.
Broecker, W. S., M. Andree, W. Wolli,
H. Oeschger, G. Bonani, J. Kennett, and
D. Peteet (1988), A case in support of a melt-
water diversion as the trigger for the onset of
the Younger Dryas, Paleoceanography, 3, 1–9.
Dean, W. E., D. Z. Piper, and L. C. Peterson
(1999), Molybdenum accululation in Cariaco
basin sediment over the past 24 k.y.: A record
of water-column anoxia and climate, Geology,
27, 507–510.
de Miro, M. D. (1971), Los foraminiferos vivos y
sedimentados del margen continental de Vene-
zuela (resumen), Acta Geol. Hisp., 4, 102–106.
Duplessy, J. C., A. W. H. Be, and P. L. Blanc
(1981), Oxygen and carbon isotopic composi-
tion and biogeographic distribution of plank-
tonic foraminifera in the Indian Ocean,
Palaeogeogr. Palaeoclimatol. Palaeoecol.,
33, 9–46.
Eckardt, C. B., G. E. S. Pearce, B. J. Keely,
G. Kowalewska, R. Jaffe, and J. R. Maxwell
(1992), A widespread and abundant chloro-
phyll transformation pathway in the aquatic
environment, Org. Geochem., 19, 217–277.
Ferraz-Reyes, E. (1983), Estudio del fitoplankton
el la cuenta Tuy–Cariaco, Venezuela, Bol.
Inst. Oceanogr. Univ. Oriente, 22, 111–124.
Gagosian, R. B., S. O. Smith, C. L. Lee, J. W.
Farrington, and N. E. Frew (1980), Steroid
transformations in recent marine sediments,
in Advances in Organic Geochemistry 1979,
edited by A. G. Douglas and J. R. Maxwell,
pp. 407–419, Pergamon, New York.
Gall, V. C.-L., A. Rosell-Mele, and J. R.
Maxwell (1998), Data report: Characterization
of distributions of photosynthetic pigments in
sapropels from holes 966D and 969C, Proc.
Ocean Drill. Program Sci. Results, 160,
297–302.
Ganssen, G., and M. Sarnthein (1983), Stable
isotope composition of foraminifers: The sur-
face and bottom water record of coastal upwel-
ling, in Coastal Upwelling: Its Sediment
Record, Part A: Responses of the Sedimentary
Regime to Present Coastal Upwelling, NATO
Conf. Ser., vol. 10A, edited by E. Seuss and
J. Thiede, pp. 99–124, Plenum, New York.
Goad, L. J. (1978), The sterols of marine inver-
tebrates, in Marine Natural Products: Chemi-
cal and Biological Perspectives, vol. II, edited
by P. J. Scheuer, pp. 75–172, Academic, San
Diego, Calif.
Goad, L. J., and N. Withers (1982), Identification
of 27-nor-(24R)-24-methylcholesta-5,22-dien-
3b-ol and brassicasterol as the major sterols
of the marine dinoflagellate Gymnodium sim-
plex, Lipids, 17, 853–858.
Harradine, P. J., P. G. Harris, R. N. Head, R. P.
Harris, and J. R. Maxwell (1996), Steryl chlo-
rin esters are formed during zooplankton
herbivory, Geochim. Cosmochim. Acta, 12,
2265–2270.
Harvey, H. R., S. C. M. O’Hara, G. Eglinton, and
E. D. S. Corner (1989), The comparative fate
of dinosterol and cholesterol in copepod feed-
ing: Implications for a conservative molecular
biomarker in the marine water column, Org.
Geochem., 14, 635–641.
Haug, G. H., T. F. Pedersen, D. M. Sigman, S. E.
Calvert, B. Nielsen, and L. C. Peterson (1998),
Glacial/interglacial variations in production
and nitrogen fixation in the Cariaco Basin dur-
ing the last 580 kyr, Paleoceangraphy, 13,
427–432.
Haug, G. H., K. A. Hughen, D. M. Sigman, L. C.
Peterson, and U. Ro¨hl (2001), Southward
migration of the Intertropical Convergence
Zone through the Holocene, Science, 293,
1304–1308.
Hughen, K. A., J. T. Overpeck, L. C. Peterson,
and S. Trumbore (1996), Rapid climate
changes in the tropical Atlantic region during
the last deglaciation, Nature, 380, 51–54.
Hughen, K. A., J. T. Overpeck, S. J. Lehman,
M. Kashgarian, J. Southon, L. C. Peterson,
R. Alley, and D. M. Sigman (1998), Deglacial
changes in ocean circulation from an extended
radiocarbon calibration, Nature, 391, 65–68.
Hughen, K. A., J. R. Southon, S. J. Lehman, and
J. T. Overpeck (2000), Synchronous radiocar-
bon and climate shifts during the last deglacia-
tion, Science, 290, 1951–1954.
Kapsner, W. R., R. B. Alley, C. A. Schuman,
S. Anadakrishnan, and P. M. Grootes (1995),
Dominant influences of atmospheric circula-
tion on snow accumulation in Greenland over
the past 18,000 years, Nature, 373, 52–54.
King, L. L. (1993), Chlorophyll diagenesis in the
water column and sediments of the Black Sea,
Ph.D. thesis, WHOI-93-04, Mass. Inst. of
Technol. Woods Hole Oceanogr. Inst., Woods
Hole, Mass.
King, L. L., and D. J. Repeta (1991), Novel
pyropheophorbide steryl esters in Black Sea
sediments, Geochim. Cosmochim. Acta, 55,
2067–2074.
King, L. L., and D. J. Repeta (1994), Phorbin
steryl esters in Black Sea sediment traps and
sediments: A preliminary evaluation of their
paleooceanographic potential, Geochim. Cos-
mochim. Acta, 58, 4389–4399.
King, L. L., and S. G. Wakeham (1996), Phorbin
steryl ester formation by macrozooplankton in
the Sargasso Sea, Org. Geochem., 24, 581–
585.
Kowalweska, G., B. Winterhalter, H. M. Talbot,
and J. Maxwell (1999), Chlorins in sediments
of the Gotland Deep (Baltic Sea), Oceanolo-
gia, 41, 81–97.
Lea, D. W., D. K. Pak, L. C. Peterson, and K. A.
Hughen (2003), Synchroneity of tropical and
high-latitude Atlantic temperatures over the
last glacial termination, Science, 301, 1361–
1364.
Leblond, J., and P. J. Chapman (2002), A survey
of the sterol composition of the marine dino-
flagellates Karenia brevis, Karenia mikimotoi,
and Karlodinium micrum: Distribution of ster-
ols within other members of the lass Dinophy-
ceae, J. Phycol., 38, 670–682.
Lin, H.-L., L. C. Peterson, J. T. Overpeck, S. E.
Trumbore, and D. W. Murray (1997), Late
Quaternary climate change from d18O records
of multiple species of planktonic foraminifera:
High-resolution records from the anoxic Car-
iaco Basin, Venezuela, Paleoceanography, 12,
415–427.
Lyons, T., J. P. Werne, D. J. Hollander, and R. W.
Murray (2003), Contrasting sulfur geochemis-
try and Fe/Al and Mo/Al ratios across the last
oxic-to-anoxic transition in the Cariaco Basin,
Venezuela, Chem. Geol., 195, 131–157.
Mansour, M. P., J. K. Volkman, A. E. Jackson,
and S. I. Blackburn (1999), The fatty acid and
sterol composition of five marine dinoflagel-
lates, J. Phycology, 35, 710–720.
Meyers, P. (1997), Organic geochemical proxies
of paleoceanographic, paleolimnologic, and
paleoclimatic processes, Org. Geochem., 27,
213–250.
Muller-Karger, F., et al. (2001), Annual cycle of
primary production in the Cariaco Basin:
Response to upwelling and implications for
vertical export, J. Geophys. Res., 106, 4527–
4542.
Pearce, G. E. S., P. J. Harradine, H. M. Talbot, and
J. R. Maxwell (1998), Sedimentary sterols and
steryl chlorin esters: Distribution differences
and significance, Org. Geochem., 28, 3–10.
Peterson, L. C., J. T. Overpeck, N. G. Kipp, and
J. Imbrie (1991), A high-resolution Late Qua-
ternary upwelling record from the anoxic Car-
iaco Basin, Venezuela, Paleoceanography, 6,
99–119.
Prell, W. L. (1984), Variation of monsoonal
upwelling: A response to changing solar radia-
tion, in Climate Processes and Climate Sensi-
tivity, Maurice Ewing Ser., vol. 5, edited by
J. Hansen and T. Takahashi, pp. 48 – 57,
AGU, Washington, D. C.
Prell, W. L., and E. V. Campo (1986), Coherent
response of Arabian Sea upwelling and pollen
transport to late Quaternary monsoonal winds,
Nature, 323, 526–528.
Robinson, N., G. Eglinton, S. C. Brassell,
and P. A. Cranwell (1984), Dinoflagellate
origin for sedimentary 4a-methylsteroids and
5a(H)-stanols, Nature, 308, 439–442.
Schrader, H., N. Swanberg, A. K. Lycke,
M. Paetzel, T. Schrader, and T. Schrader
(1993), Diatom-inferred productivity changes
in the eastern equatorial Pacific: The Quater-
nary record of ODP Leg 111, Site 677, Hydro-
biologia, 269/270, 137–151.
Svec, W. A. (1991), The distribution and extrac-
tion of the chlorophylls, in The Chlorophylls,
edited by H. Scheer, pp. 89–102, CRC Press,
Boca Raton, Fla.
Talbot, H. M., R. N. Head, R. P. Harris, and J. R.
Maxwell (1999a), Distribution and stability of
steryl chlorin esters in copepod faecal pellets
from diatom grazing, Org. Geochem., 30,
1163–1174.
Talbot, H. M., R. N. Head, R. P. Harris, and J. R.
Maxwell (1999b), Steryl esters of pyropheo-
phorbide b: A sedimentary sink for chlorophyll
b, Org. Geochem., 30, 1403–1410.
Talbot, H. M., R. N. Head, R. P. Harris, and J. R.
Maxwell (2000), Discrimination against
4-methyl sterol uptake during steryl chlorin
ester production by copepods, Org. Geochem.,
31, 871–880.
Tani, Y., et al. (2002), Temporal changes in the
phytoplankton community of the southern
basin of Lake Baikal over the last 24,000 years
recorded by photosynthetic pigments in a sedi-
ment core, Org. Geochem., 33, 1621–1634.
Ve´ron, B., and C. Billard (1998), Sterolic bio-
markers in marine phytoplankton. II. Free
and conjugated sterols of seven species used
in mariculture, J. Phycol., 34, 273–279.
Volkman, J. K. (1986), A review of sterol mar-
kers for marine and terrigenous organic matter,
Org. Geochem., 9, 83–99.
PA1006 DAHL ET AL.: PHYTOPLANKTON COMMUNITY RECONSTRUCTION
12 of 13
PA1006
Volkman, J. K., R. B. Gagosian, and G. S.
Wakeham (1984), Free and esterified sterols
of the marine dinoflagellate Gonyaulax poly-
gramma, Lipids, 31, 457–465.
Volkman, J. K., S. M. Barrett, G. A. Dunstan,
and S. W. Jeffrey (1993), Geochemical signif-
icance of the occurrence of dinosterol and
other 4-methyl sterols in a marine diatom,
Org. Geochem., 20, 7–15.
Volkman, J. K., S. M. Barrett, G. A. Dunstan,
and S. W. Jeffrey (1994), Sterol biomarkers for
microalgae from the green algal class Prasino-
phyceae, Org. Geochem., 21, 1211–1218.
Volkman, J. K., S. M. Barrett, S. I. Blackburn,
M. P. Mansour, E. L. Sikes, and F. Gelin
(1998), Microalgal biomarkers: A review of
recent research developments, Org. Geochem.,
29, 1163–1179.
Wakeham, S. G. (1989), Reduction of sterols to
stanols in particulate matter at oxis-anoxic
boundaries in seawater, Nature, 342, 787–
790.
Wakeham, S. G., and J. R. Ertel (1988), Diagen-
esis of organic matter in suspended particles
and sediments in the Cariaco Trench, Org.
Geochem., 13, 815–822.
Wakeham, S. G., J. I. Hedges, C. Lee, M. L.
Peterson, and P. J. Hernes (1997), Composi-
tions and transport of lipid biomarkers through
the water column and surficial sediments of the
equatorial Pacific Ocean, Deep Sea Res. Part
II, 44, 2131–2162.
Werne, J. P., D. J. Hollander, T. W. Lyons, and
L. C. Peterson (2000), Climate-induced varia-
tions in productivity and planktonic ecosystem
structure from the Younger Dryas to Holocene
in the Cariaco Basin, Venezuela, Paleoceanog-
raphy, 15, 19–29.
Withers, N. (1987), Dinoflagellate sterols, in The
Biology of Dinoflagellates, edited by F. J. R.
Taylor, Biol. Mongr., vol. 21, pp. 316–359,
Blackwell, Malden, Mass.
Wolff, G. A., N. A. Lamb, and J. R. Maxwell
(1986), The origin and fate of 4-methyl ster-
oids-ii. Dehydration of stanols and occurrence
of C30 4-methyl steranes, Org. Geochem., 10,
965–974.

K. A. Dahl, Department of Marine Geology
and Geophysics, Woods Hole Oceanographic
Institution, MS#22, Woods Hole, MA 02543,
USA. (kdahl@whoi.edu)
R. Goericke, Marine Life Research Group,
Scripps Institution of Oceanography, 9500 Gil-
man Dr., La Jolla, CA 92093, USA. (rgoericke@
ucsd.edu)
D. J. Repeta, Department of Marine Chemistry
and Geochemistry, Woods Hole Oceanographic
Institution, MS#4, Woods Hole, MA 02543,
USA. (drepeta@whoi.edu)
PA1006 DAHL ET AL.: PHYTOPLANKTON COMMUNITY RECONSTRUCTION
13 of 13
PA1006
